A new generation of mobile platforms equipped with chips allowing continuous carrier-phase tracking is to put applications based on localization at the next level. Whether in transportation, pedestrian navigation or safety of life services, a robust position determination is required in various environments including cities. Navigation in urban environments is significantly challenged by signal degradation. Typical urban scenarios result in blocked signals, reception of non-line-ofsight (NLOS) signals and multipath-contaminated signals. Low-cost single-frequency equipment suffers the most from such effects as a consequence of hardware limitations, while also being affected by potentially poor satellite geometry. This paper addresses the challenge for mobile platforms equipped with low-cost single-frequency receivers and patch antennas to efficiently utilize all GNSS signals available. Various techniques attempt to minimize the impact of NLOS and multipath on a final solution: weighting based on elevation angle of a satellite and signal-to-noise ratio of its signal, as well as exclusion of certain satellites from processing selecting the most consistent set of satellites. Here, the approach is explored, combining aforementioned methods with automatic stochastic model adjustment. Signal degradation demonstration and algorithm testing was performed on 1Hz GPS/GLONASS static and kinematic datasets collected in an urban environment. Our proposed algorithm yielded sub-meter level positioning and showed 10% accuracy improvement compared to regular weighting and satellite-exclusion-based algorithms.
INTRODUCTION
In the past several years the number of applications, which at least to some extent depend on GNSS, increased dramatically. Precise point positioning (PPP) solutions propagated to everyday life and started to lead the way as a key method for coordinate determination in the low-cost regime of navigation. This area could be characterized by the necessity of real-time coordinate determination with a sub-meter/decimeter accuracy requirement and often with the expectation of reaching that level of accuracy in the most challenging environment for satellite navigation: the urban setting.
Tall buildings, tree foliage and the presence of reflective surfaces decrease the number of available satellites, and result in reception of non-line-of-sight (NLOS) signals as well as in reception of signals contaminated by multipath. The field of aided navigation addresses the problem by utilizing additional devices and external information along with GNSS, for example tightly coupled inertial sensors [1] or 3D mapping of surrounding environment utilization [2] . Another way to deal with these erroneous factors is to address their existence directly by means of consistency checking [3] and outlier mitigation [4] . However while being effective, this types of algorithms can often create an excessive computational load [5] and limit their use in low-cost applications.
On the GNSS side the problem also could be addressed by detecting faulty signals and adapting filtering parameters accordingly. It was proved that incorrect a priori statistical parameters could lead to solution degradation [6] . Many adaptive techniques were developed reducing the need to accurately know a priori filtering parameters [6] [7] [8] .
Our research attempts to maximize the use of pure GNSS in the context of standalone low-cost single-frequency positioning adjusting filter parameters with respect to surrounding environment. First, the vulnerability of low-cost patch antennas towards NLOS and multipath-contaminated signals is investigated compared to higher quality antennas in an observation campaign carried out in an urban environment. Based on preliminary analysis of findings and inspired by the past work [9] , the adaptive weights adjustment algorithm with minimal computational load is developed aiming to address a rapidly changing surrounding multipath environment. The proposed algorithm was tested in GPS-only and combined GPS+GLONASS static and kinematic scenarios.
OBSERVATION CAMPAIGN
The idea behind the observation campaign was to highlight unwanted low-cost patch antenna vulnerability to multipath and NLOS signals. Three antennas were mounted on the roof of a car ( Figure 1 ): a high grade antenna (Leica AX1203+ GNSS), a consumer-level patch antenna priced around $150 (Tallysman TW3470) and a truly low-cost patch antenna (Chang Hong Information Co., GPS Active 28db Magnetic Antenna) priced around $10. Paired with each antenna, we used geodetic quality receivers of the same model (Javad Thriumph-LS) with identical configurations, which yields the best possible performance on the receiver side, meaning that differences in analyzed behavior are mostly dependent on the antenna type. After the start of observations, the experimental set-up remained stationary for 30 minutes in a parking lot environment, followed by an approximately 30-minute drive through downtown Fredericton, New Brunswick. Road situations encountered included passing under a bridge and a traffic jam caused by a road construction (Figure 2 ). These circumstances introduced complete signal blockage as well as multipath-contaminated and NLOS signal reception. 
METHODOLOGY

Observation model
Given that the target equipment is of low-cost, the complexity of the observation model should be taken into account. The observables are modeled as follows:
Where Φ is the carrier-phase measurement (m), P is the pseudorange measurement (m), ρ is the geometric range between antennas phase centers of receiver and satellite (m), c is the speed of light in vacuum (m/s), dT is the receiver clock offset (s), dt is the satellite clock offset (s), T is the tropospheric delay (m), I is the ionospheric delay (m), λ is the wavelength of the carrier (m), N is the carrier-phase ambiguity (cycles), M , m is the multipath effect on carrier-phase and pseudorange respectively (m), TE P ,TE Φ is the tracking error of pseudorange and carrier-phase respectively (m), ϵ Φ , ϵ P is the measurement noise or any residual bias for carrier-phase and pseudorange correspondingly (m), j represents a particular satellite.
Majority of modern mobile platforms have Internet access and in this research it is assumed that information on satellite orbits, clock offsets and ionospheric delays could be acquired through the real-time precise correction streams. For our computations we use CNES (Centre National d'Etudes Spatiales) orbits and clocks as well as ionospheric delays derived from European Space Agency (ESA) global ionospheric maps (GIMs). Range term is corrected for Earth tides, ocean loading and relativistic effects.
In our study, coordinate determination is handled with Kalman filtering; its implementation is standard and follows [10] . The Kalman filter state vector contains tropospheric delay, receiver coordinates, receiver clock and carrierphase ambiguities.
Automatic weights adjustment
Our study revisits the technique discussed in [9] . First, the pseudo-multipath observable is calculated:
The term 2 I j in (3) can be partially eliminated by applying a GIM correction. The pseudo-multipath observable gives a good representation of code multipath as the magnitude of the carrier-phase terms in (3) is much smaller than the corresponding pseudorange terms.
Pseudo-multipath observables are stored in a buffer of a size B 1 and are used to calculate sample variances for each satellite (Figure 3 ). When B 2 variances are stored in a second buffer, the algorithm has enough data to make a decision if the weights of observables should be adjusted. The challenging part of the algorithm is the threshold determination, which will be discussed in subsequent sections. 
TESTING AND RESULTS
Preliminary analysis
First, the behavior of the pseudo-multipath observable during the observation session is analyzed. The initial processing was carried out in GPS-only mode, applying an elevation-angle weighting schema and 10 degree elevation mask. The reference coordinates were obtained with the PPP software developed at UNB using Leica AX1203+ GNSS dual-frequency observations. 30-minute static datasets showed that the horizontal error of the coordinates determined with patch antenna observations is just below the 2m mark while the 3D-error is above 5 m with height error being the biggest contributor (Figure 4 ). The errors of higher grade antenna datasets proved to be significantly smaller with all error components being below the 0.5 m mark. The comparison presented in Figures 5 and 6 shows a more perturbed behavior of the pseudomultipath observable in the case of the low-cost patch antenna compared to the Tallysman (static and kinematic parts of the session are presented in the same plot). Interestingly, this behavior is not common for all the satellites tracked, only two of them (G12 and G09) show a high variation in the pseudo-multipath observable and only for periods of time with stable periods in between. Figure 7 illustrates the pseudo-multipath observable compared among three antennas for satellite G12 and it can be seen that higher grade antennas perform better in terms of multipath rejection. Both G12 and G09 were more than 30 degrees above the horizon and normally would not be excluded from processing. The attempt of applying a weighting scheme based on the carrier-to-noise density ratio C /N 0 did not introduce any accuracy improvement. Indeed, when plotted, C /N 0 values do not show any visible correlation with the illustrated multipath contamination (Figure 8, 9 ). . Carrier-to-noise-density ratio for the Tallysman TW3470 observations.
It was empirically determined that the optimal size of buffer B 1 for the 1Hz low-cost patch antenna data is close to 20
epochs. This value allows the algorithm to trigger adequate increases of variances when the pseudo-multipath observable is perturbed and keep all "good" signals below the calculated threshold. The threshold is determined by statistical analysis of buffer B 2 of a reference satellite (Figure 3) . It was shown to be a good practice to select the reference satellite as one above 70 degrees elevation and with minimal sample variance for low-cost antenna data processing. Figure 10 shows the variance behavior for three GPS satellites: calculated statistics allow the algorithm to trigger the adaptive weighting algorithm for multipath-contaminated signals of satellite G12, while G02 and G03 follow the normal elevation-angledependent weighting schema. Figure 10 . Pseudo-multipath sample variance comparison among three satellites for the static part of the campaign. Lowcost patch antenna observations.
Static session
In GPS-only mode, applying the proposed algorithm allowed for a decrease in positioning absolute error for the lowcost patch antenna more than 50%. Horizontal error was brought down to the sub-meter level, while vertical error remained the biggest error contributor being just above 2m (Figure 11 ). Figure 12 shows a comparison of convergence behaviors among tested antennas and methods for stationary set-up in GPS-only mode. Higher grade antennas capable of reducing multipath to some degree demonstrate much more stable convergence to reference coordinates, while the adaptive weighting algorithm partially eliminates the residual multipath effect at the software level. As was shown in [11], single-frequency positioning solutions can benefit from the integration of additional satellite constellations. Here, we report on testing a combined GPS+GLONASS model. For the static case, combined processing outperformed the GPS-only model with adaptive weighting by almost 1 m in 3D error and improved height estimation by more than 50%. The weights adaptation algorithm introduced only a slight improvement in combined processing (Figure 11 ).
Kinematic session
Kinematic standalone positioning is especially challenging in the case of low-cost equipment utilization. The surrounding environment is constantly changing, which is illustrated by a shift in the behavior of the pseudo-multipath observables ( Figure 5, 6) , the plotted C /N 0 (Figure 8, 9) , and the satellite availability ( Figure 13 ). Reference trajectory for kinematic testing was computed with Leica AX1203+ GNSS dual-frequency data with the PPP software developed at UNB. Figure 14 shows that when compared with the reference trajectory (Figure 14) , standard GPS-only solution experiences jumps as big as 9 m in the horizontal plane and 15 m in height. Application of the adaptive weighting technique to the same dataset noticeably improves the solution, decreasing the size of jumps in all coordinates (Figure 15 ). The most efficient approach understandably is the additional constellation integration. It was estimated that 70% of the trajectory was determined with sub-meter horizontal accuracy when the GPS+GLONASS model was used. The adaptive weighting technique showed only minor improvements when applied to the combined model, which brings us to a conclusion that the stochastic model in the proposed algorithm needs to be investigated in more detail. The overview of vehicle trajectory investigated in this paper is presented on Figure 16 . Figure 16 . Vehicle trajectory overview. Positioning results based on patch antenna observations, GPS+GLONASS singlefrequency mode with adaptive weighting.
CONCLUSIONS
The experiment carried out in our research allowed us to monitor the performance of low-cost versus high-grade GNSS antennas. The pseudo-multipath observable was shown to be an effective measure to trace the impact of multipath on a navigation signal. Analysis of subsequently calculated variances allowed our algorithm to automatically assess multipath environments and implement an adaptive weighting technique. The technique proved to be especially effective for use with low-cost patch antenna observations in a GPS-only mode providing more than a 50% increase in accuracy in a static case and noticeable compensations in coordinate jumps in kinematic mode. We intend to further improve the algorithm in order to make a bigger impact on the combined GPS+GLONASS solution. The automatic adjustment of filtering parameters such as process noise in the Kalman filter may be considered for future research.
